Abstract. With a detailed chemistry scheme for the middle atmosphere up to 70 km which has been added to the 3-D Karlsruhe simulation model of the middle atmosphere (KASIMA), the eects of coupling chemistry and dynamics through ozone are studied for the middle atmosphere. An uncoupled version using an ozone climatology for determining heating rates and a coupled version using on-line ozone are compared in a 10-month integration with meteorological analyses for the winter 1992/93 as the lower boundary condition. Both versions simulate the meteorological situation satisfactorily, but exhibit a too cold lower stratosphere. The on-line ozone diers from the climatological data between 20 and 40 km by exhibiting too high ozone values, whereas in the lower mesosphere the ozone values are too low. The coupled model version is stable and diers only above 40 km signi®cantly from the uncoupled version. Direct heating eects are identi®ed to cause most of the dierences. The well-known negative correlation between temperature and ozone is reproduced in the model. As a result, the coupled version slightly approaches the climatological ozone ®eld. Further feedback eects are studied by using the on-line ozone ®eld as a basis for an arti®cial climatology. For non-disturbed ozone conditions realistic monthly and zonally averaged ozone data are sucient to determine the heating rates for modelling the middle atmosphere.
Introduction
The dynamic state of the atmosphere as a whole and the middle atmosphere in particular is strongly in¯uenced by the chemistry of radiative active gases as their concentrations determine the amount of heating and cooling in the atmosphere, the primary source of all kinds of atmospheric circulation. A realistic model of the middle atmosphere should therefore include the main chemical processes and the chemical module should be coupled to the dynamical part by physical parametrizations of the heating and cooling rates of the radiatively active gases. This interaction between chemistry and dynamics is most important for ozone which is destroyed and produced within the middle atmosphere. Besides water vapour in the lowermost stratosphere, it is the most important gas in terms of radiative chemical coupling for the middle atmosphere, from just above the tropopause up to the thermosphere where molecular oxygen starts to be the strongest heating agent. As the ozone chemistry is rather complex in the stratosphere, a detailed chemistry scheme including heterogeneous processes is necessary to fully assess the coupling eects.
3-D-models of the middle atmosphere including a full stratospheric chemical module can be divided into two categories: ®rst, within the framework of observations of trace gases in the stratosphere chemical transport models have been developed to analyze the speci®c observations and to study chemical processes in detail (LefeÁ vre et al., 1994; Chipper®eld et al., 1995) . These models take the meteorology from analyzed observations, for example analyses of the European Centre for Medium Range Weather Forecast (ECMWF), and therefore cannot study the in¯uence of the chemistry on the dynamics. On the other hand, 3-D general circulation models (GCM) have been presented with the chemistry included into the model. In most of these GCMs the chemistry is not coupled to the dynamical part of the model. For example, Eckman et al. (1995) only included gas phase chemistry in their model, but Steil et al. (1998) also included heterogeneous chemistry, but the top level of their model is at 10 hPa. Rasch et al. (1995) have used their model in a partially coupled mode where predicted H 2 O was used as input of the dynamics. Austin et al. (1997) studied the in¯uence of the vertical resolution on model results using a coupled version of their GCM but did not analyze the coupling eects. Zhao et al. (1996) made a detailed comparison of the eects of an ozone perturbation by sulphate aerosols in a coupled GCM up to 33 km altitude but did not discuss the meteorology and chemistry of their model in general.
On the other hand, some investigations of radiative forcing eects and the ozone hole (see World Meteorological Organization, WMO, 1994) included results for the ozone sensitivity in the stratosphere. For example, Schoeberl and Strobel (1978) , and Ramanathan and Dickinson (1979) used simpli®ed 2-D-models, Fels et al. (1980) , Kiehl and Boville (1988) and Christiansen et al. (1997) used GCMs to test the response of the atmosphere to prescribed changes of the ozone concentration. Generally, the results of these experiments show the strongest in¯uence of ozone changes in the upper stratosphere and re¯ect the change in the heating rates. These studies also revealed limitations of the often used ®xed dynamic heating approximation (see Ramanathan and Dickinson, 1979) in estimating the in¯uences of ozone depletion on the state of the atmosphere. To test the in¯uence of dierent ozone climatologies, performed multiyear experiments with their GCM and found an in¯uence on the model results which is of a similar order of magnitude as that found in the heavy ozone depletion (50%) experiments.
When coupling the chemistry to the dynamics in the model through ozone, feedback mechanisms are incorporated into the system. The general trend of this feedback should be stabilizing: for example, the higher temperature caused by an increase of ozone and the resulting stronger solar heating will increase the destruction of ozone due to the temperature dependence of the reaction kinetics. This well-known negative correlation of temperature and ozone has an observed maximum in the tropical upper stratosphere at about 2 hPa (see for example Brasseur and Solomon, 1986) and was included theoretically into one-dimensional or box model calculations (see, e.g. Luther et al., 1977; Froidevaux et al., 1989) . Christiansen et al. (1997) only mention a weak feedback eect in their model using a simpli®ed chemistry which has a maximum at 10 hPa.
In this work results of the Karlsruhe simulation model of the middle atmosphere (KASIMA) are presented. A detailed chemistry scheme for the stratosphere was included into the model. The model can be run in a coupled mode where the ozone ®eld used for determining the heating rate is taken from the chemistry module. First it is demonstrated that the uncoupled version of the model is able to simulate the meteorology and chemistry of the stratosphere realistically. Then, the in¯uence of the ozone ®eld from the chemistry module on the outcome of the model is investigated with the predicted ozone being coupled to the dynamics. In addition we tried to isolate the major mechanisms which cause the dierences between the model versions and settle the question of how strong the eects which result from coupling and not just from changing the ozone ®eld are.
Model description

Meteorology
KASIMA is a mechanistic model of the middle atmosphere which can be coupled to speci®c meteorological situations by using analyzed lower boundary conditions. The model is based on the solution of the primitive meteorological equations formulated in spectral form with z Àr logpap 0 , where r 7 km and p 0 1013 hPa, as the vertical coordinate at equidistant levels. The resolution is variable in all three dimensions, as are the altitudes of the upper and lower model boundary. The model was previously used for a general discussion of the dynamics of the middle atmosphere (Kouker, 1993) and for a study of downward transport of mesospheric air into the upper stratosphere . In the present version at the lower boundary the model is driven by the geopotential and temperature ®elds given by ECMWF analyses. The eects of breaking gravity waves are included using an implementation of the model of Lindzen (1981) .
Chemical substances and inert tracers are transported according to the¯ux-corrected transport algorithm of Boris and Book (1973) applying the limiter function of Roe and Baines (1982) . The advection scheme is positive de®nite and conserves ®rst and second momentum. It is also`total variation diminishing' and thereby minimizes spurious oscillations. The scheme is applied within the model using operator splitting. More details of the model can be found in Kouker (1995) .
Radiation
In the standard, uncoupled mode the ozone concentration for determination of the heating rates is taken from the climatology of CIRA (Rees et al., 1990) in an updated version by Fortuin and Langematz (1994) . For water vapour the 2-D water vapour climatology given by Chiou et al. (1997) has been used. Solar heating rates are determined using the formalism of Strobel (1978) for O 2 and O 3 and the parametrization of Freidenreich and Ramaswamy (1993) for CO 2 and H 2 O. The CO 2 cooling rate including NLTE eects above 70 km is determined using the parametrization of Fomichev et al. (1993) , whilst for O 3 cooling rates the parametrization of Fomichev and Shved (1985) has been implemented. For water vapour the cooling-tospace approximation of Zhu (1994) is used. The CO 2 cooling rate in the NLTE case critically depends on the collision coecient with atomic oxygen, a value of 5 Á 10 7 s À1 atm À1 is adopted. 1992) and depend on the height, the zenith angle and the ozone column. The heterogeneous processes on polar stratospheric clouds (PSC) are calculated using the conventional scheme which was proposed by Poole and McCormick (1988) . To make predictions as to when the occurrence of PSCs is thermodynamically possible, the algorithm given in the paper of Hanson and Mauersberger (1988) is used. Herein, the existence of NAT and ice depends on the temperature, the HNO 3 mixing ratio and the water vapour pressure. The reaction rate on PSCs is calculated as a function of the radius of these particles assuming a constant concentration of 1 particle NAT per cm 3 and 0.01 particle ice per cm 3 (Drdla and Turco, 1991) . The sedimentation of NAT and ice is calculated as a function of the radius of the particles (MuÈ ller and Peter, 1992) . The heterogeneous scheme on liquid sulphuric acid aerosols is taken from Carslaw et al. (1995) . It is assumed that sulphuric aerosols remain liquid until the ice point. by using model data of the 2-D model of the Max Planck Institute for Chemistry (Grooû, 1996) as are the source gas distributions of CFC's and CH 3 Br. For transport through the lower boundary and the maximum level of the chemical scheme into the domain of the chemical module a zero vertical gradient of the mixing ratios is assumed. The aerosol content is taken from Thomason et al. (1997) .
Experiments
The Northern Hemisphere winter period 1992/93 is used for the simulation. The meteorological data at the lower boundary have been taken from the ECMWF analyses.
The model version used for these runs extends from 10 km to 120 km with 63 equally spaced layers yielding a vertical resolution of about 1.7 km. The triangular truncation T21 corresponds to about 5X6 Â 5X6 . A time step of 15 min is used for the dynamical and chemical part, the radiation is recalculated after every third timestep.
In total, four runs have been performed. Table 1 summarizes their dierent properties. In the following sections the expression o-line ozone is used for climatological ozone distributions, on-line ozone for ozone ®elds taken from the chemistry modules, uncoupled run for the standard case where heating rates are determined using the ozone climatology, and the expression coupled run will be used when the on-line ozone ®eld is used. In the coupled runs above 70 km the ozone climatology is used with no transition region. No other changes were made in the model.
All runs start on July 4, 1992, and run for 10 model months. For most of the comparisons we selected December conditions. After three months of integration model conditions are reached which are independent of the model startup and an equinoctial and half a solstitial period is then modelled. In addition also results for Northern Hemisphere meteorology in late spring are shown.
The middle atmosphere of the model in the uncoupled case
The model is ®rst characterized with results of the uncoupled run (R1) which also represents the standard version. At ®rst zonal mean temperature results are compared with climatological data for the whole altitude range of the model and with analyses and observations which are available for lower altitudes only. Fields of EPV (Ertels Potential Vorticity) and the velocity stream function are shown in comparison with analyses of December and late spring, the chemistry and transport in the model are exempli®ed with ozone, N 2 O, and HNO 3 distributions for December. Figure 1 shows the December monthly means for the zonal mean temperature and zonal wind, Fig. 2 the same for the CIRA86 climatology (Rees et al., 1990) . In Fig. 3 the zonal mean temperature is compared with the climatology for December and with observations of the Cryogenic Limb Array Etalon Spectrometer (CLAES) aboard the Upper Atmosphere Research Satellite (UARS) (Gille et al., 1996) and ECMWF analyses for December 30, 1992. The model simulation gives the general picture of the middle atmosphere: cold lower stratosphere, warm stratopause, cold summer mesopause. In terms of strength and location both stratospheric jets are presented well by the model as compared to the CIRA climatology (Fig. 2) . The wind reversal at the mesopause is present in both hemispheres. De®cits to note in comparison with the climatology: the upper mesosphere and lower thermosphere are too cold, the summer mesopause is not high enough, the northern polar stratopause is too warm, a cold bias of about 5±10 K is observed in the summer hemisphere beneath the stratopause. A cold stratospheric bias and higher deviations from the climatology in the polar winter stratopause can often be found in models (see e.g. Manzini and Bengtsson, 1996; Boville, 1995; Langematz and Pawson, 1997) and are of same order of magnitude as seen in this model. Much too low temperatures are observed two layers above the lower boundary. This is most obvious in northern high latitudes. Such a cold bias in this altitude is also seen in some GCMs (see earlier references, and also Hurrell, 1995 , who discuss this aspect in more detail). Now the model is compared with observations and analyses for Dec 30, 1992 of CLAES and ECMWF respectively. Only CLAES data north of À30 are available for that date, see Fig. 3 centre. The CLAES observations are most reliable between 15 and 55 km. Generally, the comparison with CLAES is quite similar to the comparison with the climatology: a general cold bias in the stratosphere and a warmer region in the stratosphere at midlatitudes is observed. Maximum dierences of +12 K and À10 K are found at the polar stratopause and at the tropical tropopause, respectively. The dierences in the altitude range of 30 to 40 km are reduced and partly reversed in the tropics compared with the climatology. The comparison with ECMWF analyses reveals in more detail the cold bias in the lower stratosphere with generally 10±15 K at 15 km and a maximum deviation of À20 K just above the lower boundary. In the southern polar lower stratosphere the ECMWF analyses show lower temperatures than the climatology. Hemispheric plots of temperature of ECMWF analyses and the model are shown in Fig. 4 for the Northern Hemisphere. The amplitude of the spatial temperature variation is higher in the model than in the analyses. There is a colder region in the vortex with a maximum dierence of 12 K as compared to the analyses. The ozone climatology for December together with the monthly mean ozone ®eld of the chemistry module of run R1 is shown in Fig. 7 . Data are only shown up to 70 km where the chemistry module is implemented. Both ozone ®elds look rather similar in their shapes and absolute values. The maximum value of the CIRA data is 9.6 ppmv, whereas the chemistry module gives values of up to 10.5 ppmv. The dierence of the model and climatology ozone distributions (see Fig. 8 ) reveals lower ozone concentrations in the lower stratosphere, higher ozone values from about 25 km up to 38 km and an ozone de®cit from 38 km up to about 60 km. This last feature is often seen in stratospheric models which show ozone de®cits in the range of 10±30% (see for example Siskind et al., 1995) whether the discrepancy is a real eect is under discussion (Crutzen et al., 1995) . Between about 60 and 70 km the zonal mean ozone mixing ratio values are higher in the model than the climatological data.
Dynamics: temperature and zonal wind
Dynamics: EPV and velocity stream function
In Fig. 9 hemispheric plots of the trace gases N 2 O and HNO 3 are repesented for the model and CLAES data for December 30, 1992, at 26 hPa (for CLAES data see Roche et al., 1993 for N 2 O, and Kumer et al., 1996 for HNO 3 ). The trace gas N 2 O may generally be considered an inert tracer demonstrating transport processes. Lower N 2 O model values within the vortex indicate a possibly too strong descent compared with the observations. The N 2 O data do not show any prominent phase shift which was found for the EPV ®elds. The two distinct maxima found in the observation are reproduced by the model. HNO 3 exhibits stronger dierences in the vortex region. As the model temperature inside the vortex falls partly below the ice point PSC formation and sedimentation is triggered, reducing the mixing ratio of HNO 3 in the gas phase. The values in midlatitudes and the tropics are somewhat lower than observed. 
Results in the coupled mode
The discussion of the uncoupled mode demonstrates that compared with other 3-D-models of the atmosphere the model is in acceptable agreement with the observations in terms of the dynamics and the ozone distribution. The output in the coupled mode is discussed next. Using the coupled mode, no instabilities were introduced which might have been expected if there were positive feedback eects. Figure 10 shows the zonal mean temperature of the coupled run (R2) and the dierence to the uncoupled run for December. Below the stratopause the dierences between the two models are less than 5 K. A temperature increase of about 2.5 K is found in the tropical stratosphere and in the southern subarctic lower stratosphere. Above 40 km the temperature is lower by up to 15 K (maximum at 60 km in the summer hemisphere). This band with lower temperatures extends to the northern polar regions. The summer mesopause is shifted downwards by about 2 km yielding a temperature increase of about 10 K at 90 km. Figure 11 shows the dierence between the temperature of the coupled mode and the climatology. The cold bias in the stratosphere is stronger in the coupled version, but still comparable with other models (see discussion of uncoupled mode).
Dynamics
The zonal wind in the coupled version is shown in Fig. 12 . Dierences between both versions are most conspicuous in the northern polar stratosphere where the meridional temperature gradient and the vertical shear of the zonal wind are ampli®ed.
At about 25 km altitude the zonal mean temperature dierences are small. Analyzing the hemispheric plots of the uncoupled and coupled version (see Figs. 4 , 5, 6, bottom row), the temperature amplitudes in the coupled version are found to be increased. Dierences in PV and the velocity stream function between the analyses and model are more obvious in the coupled version than in the uncoupled version.
Ozone
The monthly mean of the zonal mean ozone ®eld of the coupled run is shown in Fig. 13 . The dierences between on-line ozone of the uncoupled run and that of the coupled run are much smaller than between the on-line ozone of the uncoupled run R1 and the ozone climatology. When studying Figs. 13 and 8, the following behaviour is evident: where the on-line ozone in the uncoupled run shows higher values compared to the climatology, the coupled run exhibits a decrease (below about 40 km) and where the uncoupled run shows a decrease (above 40 km), the coupled run shows an increase. The ozone ®eld of the coupled run is therefore closer to the climatology than the on-line ®eld of the uncoupled run. In about 55 km altitude the ozone de®cit which amounts to about 35% in the uncoupled run as compared to the climatology is reduced to about 25% . The use of the coupled version is not sucient to solve this mentioned ozone de®cit problem, but may play an important role.
Analyses of coupling eects
First the variability of the temperature and ozone mixing ratio is analyzed within the month of December as an indication of the signi®cance of the dierences between the runs R1 and R2. Figure 14 shows the variation of the zonal mean temperature and ozone for the uncoupled run, given as the standard deviation of the zonal mean values sampled at every time step over the month of December and corrected for a linear trend. Except for maxima in the winter polar region, the variation is below 2 K. For ozone the variations over one month are found to be concentrated below 50 km and strongest in the polar regions. Most of the dierences found between the coupled and uncoupled version of the model in sect. 4 are much higher and, hence, caused by the changes of the model versions. Now, we have tried to discriminate between the dierent possible mechanisms which cause the deviations between the coupled and uncoupled runs. 
Heating rates
Most of the changes are expected to be caused by direct forcing of ozone (see Kiehl and Boville, 1988) , that is by the dierence of solar heating rates using the dierent ozone ®elds, the on-line and the o-line ozone. This already follows from the structure of the ozone de®cit above 40 km (Fig. 8) which coincides with the structure of the temperature decrease (Fig. 10) . Figure 15 gives the dierence between the solar heating rates and the cooling rates in the case of the climatological ozone ®eld and the on-line ozone up to 70 km. Obviously most of the temperature change above 40 km stems from the change in solar heating rates. The cooling rates are much less important as ozone only contributes a minor portion to total cooling which is dominated by CO 2 , especially in the cooler part of the atmosphere. Below 40 km the correlation between the heating rate change and the temperature change is not obvious.
Above about 60 km in the zonal mean of the on-line ozone ®eld, an increase is found as compared to the climatology (see Fig. 8 ), but no corresponding increase of the heating rates of Fig. 15 . The reason for this discrepancy is the fact that when using on-line ozone for the determination of heating rates, the 3-D-®elds are applied which exhibit more about 1 hPa diurnal variations, as a photochemical equilibrium can be assumed at these altitudes (Brasseur and Solomon, 1986) and which have also been observed for satellite data (see e.g. Huang et al., 1997) . During daylight, the photochemical equilibrium is shifted towards low ozone values and the heating rates are reduced, too. The higher ozone concentrations during night cannot in¯uence the heating rates, of course. In the zonal mean of ozone of Fig. 8 an average of day and night values is given. Due to the day/night eect, the heating rates above 60 km are substantially lower than expected at ®rst glance.
Ozone-temperature feedback
Besides direct forcing, the ozone ®eld responds to the changed temperature. This is the well-known negative correlation between ozone and temperature (see e.g. Luther et al., 1977; Rees et al., 1990; Smith, 1995 , and references herein) which peaks with a typical correlation of about 2% decrease in ozone for 1 K temperature increase at 2 hPa in the equator region. In Fig. 16 the zonal and monthly mean temperature and ozone values are shown for three pressure levels (8 hPa, 2 hPa, 0.5 hPa) at the equator for the 10 months of simulation using the coupled version R2. Writing the correlation of the mixing ratio f and the temperature in the form of f f expHa with f and H as ®t parameters, H values in the range of 400 and 1000 K can be determined with correlation coecients r between 0.5 and 0.8 in the pressure range of 8 hPa and 0.5 hPa, see Fig. 17 where also the formal uncertainty for the ®t parameter H is shown as an error bar. The correlation peaks at about 3 hPa with H 840 K. Froidevaux et al. (1989) give the observed typical maximum values of H of about 1000 K at 2 hPa, with a similar dependency on height as found in our model. Comparing ozone and temperature for one speci®c date we ®nd similar correlations, see Fig. 18 . Here the day and night values have been marked dierently to show the in¯uence of the diurnal variation of the photolysis. During day, or during night, the negative correlation obviously also holds for 0.5 hPa, but not when using day and night data together. At 0.5 hPa during the night the correlation is very close. At that height, the chemical lifetime of ozone is short as compared to the time scale of transport. Otherwise, transport would have destroyed this correlation based on reaction kinetics, so this tight correlation is to be expected. The correlation above 2 hPa in the time series using data of the whole latitude circle is obviously lost in part by points at dusk or dawn, but transport eects cannot be excluded completely (see discussion of transport eects in Froidevaux et al., 1989) . The correlation for one speci®c date is better compared with the work of Froidevaux et al. (1989) : for 0.5 hPa they found a value of H of about 1000 K and for 2 hPa about 1400 K, whereas for the speci®c date of December 30, we obtained 611 K and 596 K respectively. With the scattering of the data at 2 hPa the dierence is within the uncertainty and also compatible with the zonal and monthly mean correlation.
Using ozone from monthly mean values
To study in further detail how the coupling aects the simulation two additional experiments have been performed: run R3 uses on-line ozone values from the uncoupled run R1, and R4 the ozone data from the coupled run R2. These ozone distributions were used in the same way as the ozone climatology in the uncoupled run (R1), i.e. as monthly and zonal mean values. The In the second climatology the feedback is incorporated in the ozone distribution but only as a zonal and monthly mean. It serves as a test for ®nding out whether there are additional feedback mechanisms through chemistry and dynamics working in the time range of less than one month. This experiment was also intended to answer the question as to how usable ozone climatologies are for modelling the stratosphere. The model has been run with these climatologies in the uncoupled mode. To correct for the day/night variation of ozone, the climatologies are constructed such that above 50 km height only the zonal mean and monthly mean daylight values are used. This height is a compromise between the neglecting of day/night eects and having a bias when using part of the data only, especially when dusk and dawn eects below 0.5 hPa are to be avoided (see Fig. 18 ).
The result of the experiments using these climatologies is shown in Fig. 19 . The ®rst experiment yields a result that is expected: using the ozone concentration without incorporating the feedback eects results in too high temperature changes, this can be seen when comparing Fig. 19 (top) with Fig. 10 . This temperature dierence is directly correlated with the dierence of the ozone distributions R1 and R2 from which the heating rates are calculated, see Fig. 13 . This experiment is quite similar to investigations of the radiativedynamical response of the atmosphere to changes in ozone, see again Kiehl and Boville (1988) and Christiansen et al. (1997) . For a 50% ozone reduction, they found a typical temperature response of minus 5±10 K throughout the stratosphere below about 40 km and up to 50 km a steep increase of this sensitivity. Normalizing the temperature response to the change of ozone in our experiment also yields the steep increase at 50 km, and generally similar temperature reductions, but also a zone at about 40 km where the temperature reduction is small (not shown). That may suggest that non uniform ozone changes in a chemically coupled system behave dierently than derived from simpli®ed experiments.
The experiment R4 shows small dierences of the zonal and monthly mean temperatures (Fig. 19 bottom) only as compared to experiment R2. In Fig. 20 , the temperature dierence of the run R4 and R2 is also O (ppmv), coup. mod. shown at 2 hPa, again for December 30, 1992. The dierences between the models are less than 1 K. As at that height the feedback eects are strongest (see earlier) stronger feedback eects at that height and higher deviations are expected if the dynamics of the model using the climatology does not ®t the coupled version. We therefore conclude that for undisturbed ozone conditions (no polar ozone hole) a realistic ozone climatology is sucient for model simulations.
Conclusions
The studies with a dynamically chemically coupled model of the middle atmosphere have shown that the uncoupled and coupled version is able to simulate the middle atmosphere satisfactorily. The chemical module simulates a realistic ozone ®eld. No instability of the model was observed. The model will serve as a basis for further process studies. The detailed study of dierences between the coupled and uncoupled version of the model showed that the direct forcing of ozone is responsible for most of the dierences of the two model outputs. Despite the fact that the negative temperature ozone correlation is well reproduced in the model, the feedback eects only play a minor role for the dynamics, at least under the undisturbed ozone conditions. Acknowledgements. X. Zhu provided numerical code for his radiation scheme. The two-dimensional model data used for 
